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Abstract
Beta-detected nuclear quadrupole resonances (β-NQR) at zero field are observed using a beam of low energy
highly polarized radioactive 8Li+. The resonances were detected in SrTiO3, Al2O3 and Sr2RuO4 single crystals by
monitoring the beta-decay anisotropy as a function of a small audio frequency magnetic field. The resonances show
clearly that 8Li occupies one site with non-cubic symmetry in SrTiO3, two in Al2O3 and three sites in Sr2RuO4. The
resonance amplitude and width are surprisingly large compared to the values expected from transitions between
the | ± 2〉 ↔ | ± 1〉 spin states, indicating a significant mixing between the | ±m〉 quadrupolar split levels.
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1. Introduction
Recently, we have constructed two spectrome-
ters for beta-detected nuclear magnetic resonance
[1] (β-NMR) and nuclear quadrupole resonance [2]
(β-NQR), using a low energy highly polarized 8Li+
beam. We report here on the first results obtained
from the β-NQR spectrometer at zero appliedmag-
netic field. The β-NQR spectra were obtained for
8Li implanted into single crystals of SrTiO3, Al2O3
and Sr2RuO4. The ability to perform measure-
ments in zero applied field has many potential ap-
plications in studies of magnetism and supercon-
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ductivity. It is also remarkable that the resonances
are narrow (few kHz) and easily observed at acous-
tic frequencies.
This work is intended as an initial characteriza-
tion of the spectra of 8Li in SrTiO3, Al2O3, and
Sr2RuO4. SrTiO3 is probably the best-studied per-
ovskite transition metal oxide. It is interesting for
its prototypical soft mode structural phase tran-
sition (∼ 105 K) [3], its ferroelectric properties
[4,5], and as a high dielectric constant layer in het-
erostructures based on Si [6]. Both SrTiO3 and
Al2O3 are important substrate materials for thin
films, and therefore it is important to understand
the behavior of 8Li in these substrates for future
studies. Sr2RuO4 is an unconventional spin-triplet
superconductor (Tc = 1.5 K) as demonstrated by
Preprint submitted to Elsevier Science 16 November 2018
NMR Knight shift measurements [7]. In its normal
state it also exhibits a highly correlated metallic
behavior which can be described as a quasi-two-
dimensional Fermi liquid [8,9].
The experiment was performed at the TRIUMF
ISAC facility in the new β-NQR spectrometer. In
this experiment a highly polarized beam of 8Li is
implanted in the sample with energy of 30 keV. At
this energy the average implantation depth is ∼
200 nm. A linearly polarized oscillating magnetic
field B1 is applied perpendicular to the initial nu-
clear spin polarization. A resonant loss of the nu-
clear beta decay asymmetry of 8Li occurs when the
frequency of the oscillating field ν matches the nu-
clear energy spin level splitting. A more detailed
description of the β-NQR spectrometer and of the
beta detected nuclear resonance technique used
can be found in Ref.[2] and references therein. Once
the development of this spectrometer is completed
it will have the capability to reduce the beam en-
ergy to 100 eV, allowing for depth profiling mea-
surements on a nm scale in zero applied magnetic
field.
The Hamiltonian for the implanted 8Li at zero
field in the presence of an axially symmetric electric
field gradient (EFG) is [10]
Hq = hνq[I
2
z
− 2] (1)
where νq = e
2qQ/8, eq = Vzz is the electric field
gradient at the 8Li site, and Q is the electric
quadrupole moment of the nucleus. Therefore,
when q 6= 0 even at zero magnetic field a splitting
between the nuclear spin sub-levels |m〉 is present
(see Fig. 1). In this case two resonance frequencies
Fig. 1. The energy levels diagram for the Hamiltonian (1).
are possible, one at ν = νq due to the transitions
| ± 1〉 ↔ |0〉, and another at ν = 3νq due to
| ± 2〉 ↔ | ± 1〉 transitions.
2. Results
β-NQR spectra were collected on an epitaxially
polished 〈100〉 single crystal of SrTiO3 (Applied
Crystal Technologies). We have established ear-
lier that the 8Li occupies the face centered cite
in SrTiO3 [2,11], and therefore experiences a non-
vanishing EFG. Indeed a large and sharp NQR res-
onance was observed at 3νq = 228.81(2) kHz with
width 1.7 kHz corresponding to the | ± 2〉 ↔ |± 1〉
transitions (see Fig. 2), whereas the resonance near
νq was barely visible, indicating very low probabil-
ity of 8Li in the | ± 1〉 spin states as expected from
the high polarization of the 8Li beam. Note the res-
Fig. 2. The β-NQR spectrum in SrTiO3 at room temper-
ature and zero applied field
onance in Fig. 2 is slightly asymmetric. The solid
curve is a fit assuming two overlapping lines. The
smaller amplitude line occurs at a slightly lower
frequency ν = 225.9(2) kHz and has a width of
about 1.9(1) kHz which is similar to the higher fre-
quency line at ν = 228.8 kHz.
In Al2O3 (epitaxially polished, Honeywell) and
Sr2RuO4 (freshly cleaved) the beta decay asym-
metry was found to be zero when the 8Li was
implanted with its nuclear polarization perpen-
dicular to the c-axis. However, when the sample
was rotated by 45o significant asymmetry was
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observed, a clear indication that the EFG experi-
enced by the implanted 8Li is along the c-axis in
these crystals. In Al2O3 the spectrum (see Fig. 3)
shows two distinct resonance lines at ν = 92.94(8)
and 188.9(3) kHz, with widths of 15.1(3) and
22.5(9) kHz respectively. The two resonances are
due to at least two inequivalent 8Li sites. However,
Fig. 3. The β-NQR spectrum in Al2O3 at room tempera-
ture and zero applied field.
note that the widths of the lines in Al2O3 are
significantly larger than that observed in SrTiO3,
likely due to a larger distribution of νq, which may
be caused by multiple 8Li sites with very similar
values of νq. This may be expected considering the
complexity of the lattice structure of Al2O3.
The β-NQR spectrum in Sr2RuO4 is shown in
Fig. 4 at room temperature and zero field, where
three sharp and separated resonances are ob-
served at ν = 7.72(4), 11.57(1) and 15.51(2) kHz,
with corresponding width of 0.55(13), 1.28(3)
and 0.83(7) kHz, indicating three well defined 8Li
lattice sites in this tetragonal material. The res-
onances here are even sharper than in SrTiO3,
reflecting the high quality of this crystal.
In all three cases presented, the amplitude of the
resonances are much larger than expected. The op-
tical pumping method used to generate the nuclear
polarization of the 8Li beam produces polarization
as high as ∼ 70% along the measurement axis (z).
This polarization can be defined as
Fig. 4. The β-NQR spectrum in Sr2RuO4 at room tem-
perature and zero applied field
Pz =
1
2
m=+2∑
m=−2
pmm (2)
where pm is the probability that the |m〉 state is
occupied. Realistic values for these probabilities
are
{p+2, p+1, · · · , p−2} = {0.65, 0.2, 0.15, 0, 0}.
When the frequency of B1 is ν = 3νq, and assum-
ing sufficient power to saturate the transition, the
probability that the |+2〉 or |+1〉 are occupied be-
comes equal. This implies that the polarization is
reduced from its initial value, 0.75, to 0.6375 with
probabilities {0.425, 0.425, 0.15, 0, 0}, i.e. 15% loss
in the polarization or asymmetry. Our measure-
ments show a considerably larger amplitude. This
enhancement can be explained by an additional
term in the Hamiltonian, which mixes the different
sub-levels |m〉, and produces a larger effect by al-
lowing transitions other than | ± 2〉 ↔ |± 1〉. Such
a term can be produced by a small stray magnetic
field perpendicular to the EFGaxis, or by non-axial
terms in the EFG. In the case of SrTiO3 we con-
cluded that the non-axial terms in the EFG are re-
sponsible for this enhancement [2]. However, more
measurements are required on Al2O3 and Sr2RuO4
to identify the origin of the additional interaction
responsible for the amplitude enhancement.
Interestingly, in addition to the large ampli-
tudes, the sum of the amplitudes in the case of
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Al2O3 and Sr2RuO4 is larger than 1, as seen in
Fig. 3 and 4. This is only possible if 8Li is diffus-
ing between inequivalent sites. When the diffusion
rate is higher than the 8Li decay rate, it would
be possible for a 8Li particle which is initially
off resonance to move to an on resonance site,
thus increasing the measured amplitude. This will
be verified by cooling the sample and measuring
the β-NQR spectra as a function of temperature,
where one expects the diffusion rate to slow down,
and consequently the sum of amplitudes to drop
below 1.
3. Summary and Conclusion
We have demonstrated that it is possible to
carry out β detected nuclear quadrupole resonance
using a beam of low energy highly polarized 8Li+.
Clear β-NQRs were observed in SrTiO3, Al2O3,
and Sr2RuO4 indicating that the implanted Li
adopts well defined crystalline lattice sites. In con-
trast to µ+, the quadrupole resonances provide a
means of identifying the 8Li site.
There is evidence for small terms in spin Hamil-
tonian which lead to mixing of the | ± m〉 states
and a dramatic enhancement of the amplitude of
the resonances at 3νq. The ability to perform µSR
in zero field has been used extensively in studies
of magnetism and and superconductors. We antic-
ipate similar applications are possible with β-NQR
in studies of ultra-thin films and interfaces. For ex-
ample in superconductors it could be used to mea-
sure the absolute value of the London penetration
depth or to search for states with broken time re-
versal symmetry. In semiconductors or ionic com-
pounds it can be used to study the diffusion and
electronic structure of isolated Li in reduced ge-
ometries.
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